The survival-growth capacity of Salmonella populations on tomato epidermis labeled by a natural-light labeling system was investigated after persistent fears of such marks serving as possible entryways for the pathogenic organisms, alone and in the presence of Pectobacterium carotovorum subsp. carotovorum, a soft-rot organism. Different treatments involving natural-light labeling, fruit waxing, and a five-strain cocktail of Salmonella were applied to mature green tomato surfaces in different sequences prior to storage at 4, 12, or 25uC. Fruit was sampled every 3 days, and Salmonella was enumerated from all treatments and unlabeled fruit, which served as controls. There were no significant differences between treatments or between treatments and controls throughout. The results indicate that the cuticle and epidermal interruptions caused by natural-light labeling do not facilitate the penetration and colonization of the tomato pericarp. In a separate set of experiments, the capacity of Salmonella to penetrate tomato in the presence of a potential synergism with P. carotovorum subsp. carotovorum was investigated. The addition of P. carotovorum at higher, lower, or equal population densities to Salmonella did not significantly alter the behavior of Salmonella on tomatoes stored at 25uC, regardless of natural-light labeling. The inability of P. carotovorum and Salmonella to colonize natural-light-etched surfaces of tomato fruit indicates that the use of this technology does not adversely compromise the surface of tomatoes.
Large outbreaks of salmonellosis have been caused by consumption of contaminated raw tomatoes (5-8, 10, 17, 25) . Most recently, in the summer of 2008, an outbreak of Salmonella Saintpaul infecting over 1,400 persons in 43 states, the District of Columbia, and Canada (initially linked to tomatoes) is an indication of the lack of efficient traceback and biosecurity systems in our fresh-produce chain (9) .
Traceability, a key factor in improving food safety systems, can be strengthened through the labeling of individual fresh fruits and vegetables whenever possible. Price Look-Up (PLU) stickers are currently applied to each piece of fresh produce, and contain a four-number code used to identify its product grouping (21) . PLU stickers are commonly adhered to the surface of the fruit or vegetable at the packing line, typically after washing, culling, and waxing, prior to final packaging (26) . In addition to leaving sticky residues on produce surfaces and allowing for damage during removal (13) , frequent detachment of PLU stickers during postharvest handling eliminates any supplemental information the sticker may provide related to traceability (14) .
Directly imprinting an alphanumeric code on the surface of produce at the same point in production as PLU stickers is currently being explored as an alternative to PLU stickers. One of the most promising imprinting technologies is a natural-light etching device, designed for labeling produce surfaces with a low-energy carbon dioxide laser beam (10,600-nm wavelength (12)). The code produced by the natural-light etching method is permanent, requires no additional adhesive, and labeling information can be easily modified (14) . The typical penetration depth caused by natural-light labeling is ca. 50 mm into a tomato epidermis, affecting the outermost three to four epidermal cells, which are much smaller than those of the underlying endocarp (15) . However, labeling with the natural-light etching system interrupts the natural cuticular barrier of the fruit surface and potentially opens a route that would allow for the penetration of pathogenic organisms.
Foodborne pathogens can internalize into produce by a number of routes including root systems, flesh, and stem scars (2-4, 22, 30) . However, the most indispensable event leading to pathogen internalization is microbial contact with a fresh wound surface or a water channel linking the plant surface to intercellular spaces within the tissues (18) . Previously reported studies failed to demonstrate the ability of decay microorganisms (23, 24) or Salmonella (11) to colonize or infiltrate etched surfaces on citrus fruits, under a variety of simulated commercial conditions or for Salmonella to colonize or infiltrate etched surfaces on red tomato fruit (29) , under retail environment conditions. Wells and Butterfield (27) reported a significant correlation between isolation of Salmonella and bacterial soft rot in fruit and vegetables sampled from supermarkets. In combined bacterial studies on wounded tomato surfaces with Salmonella and the bacterial soft-rot pathogen Pectobacterium carotovorum subsp. carotovorum (previously Erwinia carotovora subsp. carotovora), peak growth of Salmonella occurred under optimum conditions for growth of P. carotovorum subsp. carotovorum (19) ; however, no synergistic relationship was observed between the two organisms.
The objectives of this study were to evaluate the impact of natural-light labeling and different postharvest treatments on the fate of Salmonella artificially inoculated on tomatoes at the commercial, mature green stage, and to examine the effects of co-inoculation with P. carotovorum subsp. carotovorum on Salmonella growth capacity on laseretched, mature green tomato surfaces.
MATERIALS AND METHODS
Tomatoes. Round, mature green tomatoes were used in all experiments, as they represent the maturity when most commercial tomatoes are harvested and packed. Tomatoes were obtained from a local packinghouse in Ruskin, FL. Packed tomatoes had been commercially washed and coated with mineral oil. Prior to use, tomatoes were stored at 4uC for up to 48 h, and brought to ambient temperature (ca. 10 h) before use.
Selection of strains. Cocktails of five serovars of Salmonella isolated from produce or produce-related commodities were used. Salmonella serovars and their sources included Saintpaul (orange juice; bac-158), Montevideo (human isolate from a tomato outbreak; G4639), Newport (environmental isolate from a tomato outbreak; MDD 314), Michigan (human isolate from a cantaloupe outbreak; LJH0521), and Poona (human isolate from a cantaloupe outbreak; LJH0630). One strain of P. carotovorum was used (tomato isolate; SR 38,4). All Salmonella serovars were adapted to grow in the presence of 100 mg/ml rifampin (Thermo Fisher Scientific, Waltham, MA), and P. carotovorum was adapted to grow in the presence of 50 mg/ml nalidixic acid (Sigma Aldrich, St. Louis, MO) through stepwise exposure (20) .
Inoculum preparation. Prior to each replication, the frozen culture was streaked onto tryptic soy agar (TSA; Difco, BD, Sparks, MD) with 100 mg/ml rifampin (TSAR) or 50 mg/ml nalidixic acid (TSAN), and incubated at 37uC for 24 h. One isolated colony from each strain was transferred to 10 ml of tryptic soy broth (TSB; Difco, BD) with 50 mg/ml nalidixic acid (TSBN) or 100 mg/ml rifampin (TSBR), and incubated at 37uC. After 24 h, 10 ml of culture was transferred to 10 ml of fresh TSBN or TSBR and incubated at 37uC for 24 h. Each strain was subjected to centrifugation at 3,000 | g for 10 min (Allegra X-12, Beckman Coulter, Fullerton, CA). The cells were then washed twice by removing the supernatant and suspending the cell pellet in 10 ml of 0.1% peptone (Difco, BD). Washed cells were suspended in 0.1% peptone at half the original culture volume. Serial dilutions were carried out in 0.1% peptone (9 ml) to prepare final inocula concentrations, verified for each strain by enumeration on TSAR or TSAN. Equal volumes (1 ml) of each Salmonella strain at equal concentrations were combined to obtain final inoculum concentrations. Final inoculum cocktails were stored on ice for up to 1 h prior to inoculating cut tomatoes.
Tomato labeling. Fruit were labeled as previously described by Yuk et al. (29) . Fruit was individually placed on a plastic ring, with the tomato surface 10 cm apart from the natural-light source (Sunkist Natural Light Labeling 12-S; Sunkist Growers, Inc., Fontana, CA), located at the University of Florida, Lake Alfred. The temperature of the tomatoes was ca. 21uC and the ambient air temperature was ca. 24uC. All tomatoes were labeled with ''Tomatoes 35US USA'' prior to inoculation (as establish by individual experiments) by using a maximum energy level of 0.578 W per character, with a time of exposure of 35 ms and a duty cycle of 25%.
Tomato inoculation. Tomatoes were divided into five treatment groups. Treatments were (i) inoculation of Salmonella and then labeling; (ii) labeling, followed by inoculation with Salmonella; (iii) labeling, wax, and then inoculation with Salmonella; (iv) labeling, inoculation with Salmonella, and then wax; and (v) inoculation of Salmonella on sound fruit, which served as control. Salmonella concentrations of ca. 6 log CFU per tomato were used. For experiments with P. carotovorum, sound fruit and laser labeling, followed by bacterial inoculation treatments were used. Three different inoculum population levels were used: equal concentrations of Salmonella (6 log CFU per tomato) and P. carotovorum (6 log CFU per tomato), a high concentration of P. carotovorum (6 log CFU per tomato) and a low concentration of Salmonella (3 log CFU per tomato), and a low concentration of P. carotovorum (3 log CFU per tomato) and a high concentration of Salmonella (6 log CFU per tomato).
Tomatoes were inoculated with 20 ml of inoculum, distributed in 4 to 6 drops over the etched surface of the fruit flesh. Samples were held in a biological safety cabinet for 20 min to allow the inoculum to dry. After drying samples were placed into sterile stomacher bags (Whirl-Pak, Nasco, Modesto, CA). Each bag was folded over once and placed in a large plastic container (28 qt [26.5 liters]; Fashion Clears, Rubbermaid, Fairlawn, OH), with a temperature and relative humidity sensor (TempTale series 4, Sensitech, Beverly, MA). Stomacher bags were folded but not sealed to allow air movement and to prevent creation of an anaerobic environment due to fruit respiration. Inoculated tomato samples were stored at 25 ¡ 2, 12 ¡ 2, and 4 ¡ 2uC. Lids were left off the large plastic storage containers.
Enumeration of bacteria. Two replicate tomatoes were enumerated from the different storage temperatures on the following days: 4 ¡ 2 and 12 ¡ 2uC on days 0, 1, 4, 7, 10, 14, 18, 21, 25, and 28, and 25 ¡ 2uC on days 0, 1, 4, 7, 10, and 14; the experiment was repeated three times. One hundred milliliters of 0.1% peptone water (BD, Sparks, MD) was added to bagged tomatoes, and then shaken and rubbed for 60 s. Serial dilutions were made in 0.1% peptone water and surface plated (0.1 ml) in duplicate onto TSA with 50 mg/ml nalidixic acid or 100 mg/ml rifampin (Fisher). To increase the limit of detection to 2 log CFU/g, an additional 1 ml of the lowest dilution was plated onto four plates each (0.25 ml per plate) of media. Plates were incubated at 37uC for 24 h. After incubation, colonies were counted manually, and Salmonella or P. carotovorum population levels were expressed in log CFU per tomato. Previous work (29) has demonstrated Salmonella does not infiltrate etched tomato surfaces; thus, the method used was deemed appropriate to recover bacterial populations.
Statistical analysis. A multivariate analysis of variance was performed with the Excel program (Microsoft Corp., Redmond, WA). Differences were considered significant at P , 0.05.
RESULTS AND DISCUSSION
The perceived damage to the cuticle created by the natural-light-etched labeling of fruits and vegetables has generated concerns about the natural-light-etched areas becoming potential entryways for pathogenic microorganisms. These concerns have persisted despite earlier demonstrations indicating the inability of decay organisms to colonize citrus fruits through the labeled areas (23, 24) , by the lack of Salmonella growth on tomato surfaces on light-labeled, mature red tomatoes over 14 days at 25uC, and by the lack of infiltration into etched, or smooth, mature red tomato surfaces (29) . To further address this issue, a series of possible scenarios that might result in the enhanced persistence of Salmonella on the natural-light-etched label area of tomato epidermis were formulated. The different combinations covered the range of conceivable (but highly unlikely) events that may take place at the packinghouse or shortly afterward along the commercial chain.
When stored at 4uC, Salmonella populations inoculated onto tomatoes remained relatively unchanged in all treatments groups during the initial 14 days of storage (Fig. 1A) . Thereafter, populations declined gradually for the remaining 14 days. There were no statistically significant differences (P $ 0.05) in the survival pattern between any of the treatments, or between treatments and control. Salmonella populations declined between 1.8 to 2.6 log CFU per tomato.
Increasing the storage temperature to 12uC resulted in stable Salmonella populations on the tomato surfaces throughout the experiment (Fig. 1B) . Contrary to storage at 4uC, there was an initial significant decline in Salmonella populations for control and inoculated then etched treatment groups from the initially inoculated population levels on day 4 of storage. No other statistically significant differences (P $ 0.05) were determined among treatments groups at 12uC. No statistically significant differences (P $ 0.05) were observed when tomatoes were stored at 25uC (Fig. 1C) . At this temperature, storage was shortened to 14 days, given the over-ripeness of the tomatoes at this time. Salmonella populations remained unchanged at ca. 7.0 log CFU per tomato in all instances.
The results presented in Figure 1 are consistent with earlier studies by Yuk et al. (29) , in which Salmonella was unable to grow or infiltrate mature red tomatoes through natural-light-labeled areas over 14 days at 25uC. Furthermore, the slow decline in populations on undisturbed tomato surfaces regardless of temperature agrees with those declines observed by Allen et al. (1), Guo et al. (16) , and Zhuang et al. (30) . The consistent similarities among treatments at all temperatures and the congruencies between treatments and controls are a solid indication that the superficial perforations created by the natural-light labeling did not modify in any way the survival ability of Salmonella. The fate of Salmonella on tomato surfaces was also largely unaffected by tomato variety, stage of ripeness, or previous exposure of the Salmonella to an acidic environment.
In a separate set of experiments, the synergistic effect in growth-survival between populations of Salmonella and P. carotovorum was also investigated; the concentrations of each organism were varied in relation to the other in order to assess population dynamics. Co-inoculation of P. carotovorum and Salmonella at equal (Fig 2B) and varying population levels ( Fig. 2C and 2D ) on etched and sound surfaces of tomato fruits had no overall effect on the population numbers of Salmonella when stored at 25uC over 14 days. Previous reports (27, 28) indicated a significant correlation between isolation of Salmonella and bacterial soft rot in fruit and vegetables at supermarkets, which led to the hypothesis that Salmonella benefits from the association with bacterial soft-rot pathogens. However, when coinoculated onto tomato fruit, P. carotovorum did not facilitate Salmonella growth (19) . The lack of any correlation between P. carotovorum and Salmonella seen in this study may be explained by results seen in Figure 2A , where no growth of P. carotovorum on etched or intact surfaces is described. The inability of P. carotovorum to grow or lead to symptom development of soft rot in mature green tomatoes provides further indication of the inability of decay organisms or Salmonella to colonize fruits through natural-light labeling.
The overall data from the studies presented in this article are a strong indication that Salmonella growth and/or penetration into mature green tomatoes are/is not facilitated by natural-light-labeling marks. Our conclusions are based on the lack of growth by Salmonella under a variety of treatments and conditions simulating postharvest handling. Furthermore, under the same conditions, Salmonella growth was not enhanced by the presence of P. carotovorum. These results demonstrate that natural-light labels do not support the growth of decay or pathogenic organisms.
